Introduction {#S0001}
============

Chronic inflammation is a major driving force for the initiation and progression of many types of cancers, including colorectal cancer (CRC), lung cancer, and hepatocellular carcinoma (HCC).^[1](#CIT0001)-[4](#CIT0004)^ CRC is the third most common form of cancer and the second leading cause of cancer-related death in developed countries.^[5](#CIT0005)^ Patients with inflammatory bowel diseases (IBDs) such as ulcerative colitis (UC) and Crohn\'s disease (CD) are at an increased risk for the development of CRC.^[6](#CIT0006)-[8](#CIT0008)^ UC increases the cumulative risk of colitis-associated colorectal cancer (CAC) by up to 18--20%, while CD increases it up to 8%, after of 30 years of disease.^[9](#CIT0009)-[11](#CIT0011)^

It has been reported that cytokines, chemokines, matrix-degrading enzymes, and growth factors produced during chronic inflammation in IBD patients are proposed to damage DNA and/or alter cell proliferation or survival, thereby promoting cancer development.^[7](#CIT0007),[12](#CIT0012)^ Immune cells, which often infiltrate tumors and preneoplastic lesions, also produce a variety of cytokines and chemokines that propagate a localized inflammatory response and enhance premalignant cell growth and survival by activating signaling pathways such as nuclear factor (NF)-κB or mitogen-activated protein kinases (MAPKs).^[7](#CIT0007),[13](#CIT0013)-[16](#CIT0016)^ However, the underlying mechanisms that link these chronic inflammatory states to colorectal cancer development need to be further explored.

S100A4 is a member of the S100 calcium-binding protein family.^[17](#CIT0017),[18](#CIT0018)^ Previous studies have reported that S100A4 is expressed in a variety of cells, such as fibroblasts, macrophages, and malignant cells, and plays a crucial role in mediating tumor-stromal interplay.^[19](#CIT0019)-[23](#CIT0023)^ S100A4 functions as both intracellular and extracellular forms.^[24](#CIT0024),[25](#CIT0025)^ Intracellular S100A4 is involved in a wide range of biological functions, such as the regulation of angiogenesis, cell survival, motility, invasion or metastasis.^[26](#CIT0026),[27](#CIT0027)^ However, the secretion of S100A4 by tumor and stromal cells is believed to serve as a key player in promoting the metastasis of cancer cells or affecting angiogenesis.^[28](#CIT0028)-[30](#CIT0030)^ Studies have shown that some cytokines, particularly chemokine (C-C motif) ligand 5 (CCL5), are necessary and sufficient for inducing the release of S100A4 from fibroblasts contributing to the formation of pre-metastatic niches.^[31](#CIT0031)^ Furthermore, it has been demonstrated that the ablation of S100A4 in stromal cells significantly reduced metastatic colonization by regulating matrix protein tenascin-C and growth factor vascular endothelial growth factor (VEGF)-A.^[32](#CIT0032)^ In previous studies, we found an additional mechanism of action that S100A4^+^ fibroblasts promote skin carcinogenesis by maintaining MCP-1-mediated macrophage infiltration and chronic inflammation.^[20](#CIT0020)^ In addition, we identified a critical role of S100A4 in promoting liver fibrosis through hepatic stellate cell activation,^[21](#CIT0021)^ and macrophage-derived S100A4 promotes liver carcinogenesis by promoting CD8^+^ T-cell survival (unpublished).

Previous studies have reported that the overexpression of S100A4 is closely associated with the progression of colorectal cancer.^[33](#CIT0033)^ High S100A4 levels in colorectal tumors are associated with metastasis, poor prognosis, and shortened patient survival times.^[34](#CIT0034)^ Recently, we found S100A4 promotes colitis development by enhancing host adhesion and colonization of *Citrobacter rodentium* through the S100A4-mediated host inflammatory responses.^[35](#CIT0035)^ Given the importance of S100A4 in tumor biology and inflammation, we questioned whether S100A4 contributes to inflammation-related colon tumorigenesis. The mouse model of colitis-associated colon cancer, which is induced by the administration of azoxymethane (AOM) followed by repeated oral administration of dextran sulfate sodium (DSS), has been highly informative.^[36](#CIT0036)^ Using the AOM/DSS mouse model, we showed here that S100A4 played key roles in the progression of IBD and CRC. We found that many S100A4^+^ cells infiltrated into the colon in colitis and CRC model mice. Selective depletion of S100A4^+^ cells and deficiency of S100A4 or blockade of S100A4 by neutralizing antibody significantly alleviated the disease severity in murine models of colitis and decreased tumor incidence in a murine model of CRC. Mechanistic study revealed that up-regulated S100A4 played an important function in inflammation via recruiting macrophages. In turn, NF-κB signaling in macrophages activated by S100A4 results in a vicious cycle of chronic inflammation, which promotes the occurrence of CRC. Our study suggests that S100A4 is an important molecule involved in inflammation and carcinogenesis, which can be a therapeutic target in the treatment of inflammatory bowel disease and prevention of CRC.

Results {#S0002}
=======

S100A4 expression is upregulated in mouse model of CRC tumors {#S0002-S2001}
-------------------------------------------------------------

The association between S100A4 expression and CRC has been reported using tumor samples from CRC patients.^[34](#CIT0034),[37](#CIT0037)^ To further investigate the kinetics of S100A4^+^ cells during CRC development, which could not be studied using clinical samples, C57 BL/6 mice were administered AOM/DSS ([Fig. 1A](#F0001)) that has been used to induce a two-stage carcinogenesis model for CRC. The dynamic changes in S100A4^+^ cells in the colon tissue of C57 BL/6 mice before and at different times after the AOM/DSS application were examined. As shown in [Fig. 1B](#F0001), there were few S100A4^+^ cells in the untreated colon. However, the number of S100A4^+^ cells was increased significantly after AOM/DSS treatment. IHC analysis revealed that S100A4 was mainly expressed in stromal cells located in the lamina propria throughout colon tissues and in the submucosal regions. In addition, S100A4 was also expressed in the lymphoid follicle ([Fig. 1C](#F0001)). Furthermore, as shown in [Fig. 1D-E](#F0001), the expression of S100A4 was much higher in AOM/DSS-induced tumor-associated stroma than untreated colonic crypts. 10.1080/2162402X.2018.1461301-F0001Figure 1.S100A4 expression is associated with AOM/DSS-induced colitis and CRC. (A) Schematic representation of the DSS-induced colitis model. Groups of C57 BL/6 mice (n = 5 per group) were left untreated (D0) or treated with 3% DSS for 5 days for 2 cycles. Colon tissues were harvested at the indicated time points. (B) Histological characterization of colitis and S100A4^+^ cell accumulation. Colon sections were stained with anti-S100A4. Representative images are shown for untreated control and DSS-treated mice at each time point. (C) Number of S100A4^+^ cells in colon HPFs (×400) is shown. \*\**P* \< 0.01. (D) AOM/DSS-induced colon sections were stained with S100A4. (E) Number of S100A4^+^ cells in CRC HPFs (×400) is shown. \*\**P* \< 0.01.

The appearance of S100A4^+^ cells in the process of colitis and CRC suggests that they may play important roles in local inflammation and CRC development.

S100A4 is expressed in different types of cells during colitis {#S0002-S2002}
--------------------------------------------------------------

Next, we characterized the cellular source of S100A4 in the colon. S100A4^+/+.^GFP transgenic mice expressing green fluorescent protein (GFP) under the control of the S100A4 promoter^[38](#CIT0038)^ were treated with DSS, and then cells were isolated from colon tissues, were co-stained with cellular marker antibodies for various cell types and were analyzed by flow cytometry. As shown in [Fig. 2A](#F0002), [B](#F0002), among the S100A4-GFP^+^ cells, approximately 97.9% were CD45^+^, mainly S100A4^−^GFP^+^ cells expressing myeloid cell markers, 54.3% were CD11b^+^, 44.2% were F4/80^+^, 25.7% were CD11 c^+^. In addition, a small number of the S100A4-GFP^+^ cells expressed markers of B cells, T cells and granulocytes ([Fig. 2A](#F0002) and [2B](#F0002)). S100A4 was seldom expressed in epithelial cells, immunostaining of the colon tissues showed similar results ([Fig. 2C](#F0002)). In addition, double staining revealed that most of the S100A4^+^ cells were not α-SMA positive, showing that they were not fibroblasts (Fig. S1). 10.1080/2162402X.2018.1461301-F0002Figure 2.S100A4 is expressed in different types of cells in the colon. (A-B) Flow cytometry analysis of the phenotypes of S100A4^+^ cells in the colons of S100A4^+/+.GFP^ mice treated with 3% DSS for 5 days for 2 cycles by staining GFP^+^ cells with CD45, CD11b, F4/80, CD11 c, CD4, CD8 and CD19 antibodies. (C) Double immunohistochemical staining of S100A4 with E-cadherin, CD11b, F4/80, CD4, CD8, B220 and Gr-1 in DSS-induced colon tissues. Nuclei were counter-stained with DAPI. The arrows indicate double-positive cells. Scale bar, 25 μm. (D) S100A4 concentrations in the cultured supernatants of S100A4^+^ CD11b^+^ cells or S100A4^−^ CD11b^+^ cells as detected by ELISA. \*\**P* \< 0.01.

Using LPS-induce colitis model, we also found that S100A4 was upregulated significantly in colon tissues and was expressed mainly in CD11b^+^ myeloid cells upon stimulation with LPS (Fig. S2).

S100A4 has been reported to be secreted out of cells through unknown mechanisms and to function as an inflammatory cytokine.^[21](#CIT0021),[29](#CIT0029),[30](#CIT0030)^ To test whether S100A4 is secreted by S100A4^+^ cells in the CRC tissue, CD11b^+^ S100A4^+^ cells were isolated from DSS-treated colon tissues and were cultured in vitro, and the supernatant was analyzed for S100A4 by ELISA. CD11b^+^ S100A4^−^ cells were used as control. Indeed, soluble S100A4 was detected in the supernatant of CD11b^+^ S100A4^+^ cells but not in that of CD11b^+^ S100A4^−^ cells ([Fig. 2D](#F0002)). These results indicate that S100A4^+^ cells have many cellular origins in the colon during colitis and S100A4 can be secreted into the extracellular space.

Selective depletion of S100A4^+^ cells attenuates colon carcinogenesis {#S0002-S2003}
----------------------------------------------------------------------

To explore the role of S100A4^+^ cells in the development of CRC, S100A4-thymidine kinase (TK) transgenic mice were used,^[22](#CIT0022),[39](#CIT0039)^ and proliferating S100A4^+^ cells in these mice could be selectively depleted upon the treatment of ganciclovir (GCV) after the administration of AOM/DSS, as illustrated in [Fig. 3A](#F0003). Expression of the Ki67 antigen in S100A4^+^ cells indicated that these S100A4^+^ cells were proliferating, rendering them susceptible to depletion by GCV in S100A4-TK transgenic mice ([Fig. 3B](#F0003)). As anticipated, the number of infiltrated S100A4^+^ cells in the colon, was decreased dramatically in S100A4-TK^+^ mice after GCV treatment for 2 weeks while this did not occur in control littermates ([Fig. 3C](#F0003)). This reduction of S100A4^+^ cells in colon correlated with an attenuated accumulation of inflammatory cells in colon tissue, as shown by H&E staining ([Fig. 3C](#F0003)). Importantly, GCV treatment in S100A4-TK^+^ mice attenuated colon tumorigenesis with a reduced tumor number and size compared with the control group ([Fig. 3D-G](#F0003)). Pathologic analysis revealed that GCV-treated S100A4-TK^+^ mice had smaller tumor areas than S100A4-TK^−^ mice ([Fig. 3H](#F0003)). S100A4-TK^−^ mice had much more S100A4 ^+^ cells than S100A4-TK^+^ mice ([Fig. 3I](#F0003)). 10.1080/2162402X.2018.1461301-F0003Figure 3.Selective depletion of proliferating S100A4^+^ cells decreases colorectal tumorigenesis. (A) Schematic illustration of S100A4^+^ cell depletion in S100A4-TK transgenic mice and control littermates. (B) Proliferating S100A4^+^ cells in DSS-treated colon. Double staining of S100A4 (green) and Ki67 (red) in DSS-treated colon tissues. The arrows indicate double-positive cells that are proliferating. Scale bar, 50 μm. (C) Groups of S100A4-TK transgenic mice (TK^+^) and control littermates (TK^−^) (n = 8--10) were treated with GCV to deplete S100A4^+^ cells or PBS as the control. Shown is the staining for S100A4 and H&E in colon tissue. Scale bar, 50 μm. (D) Percentages of S100A4^+^ cells of GCV-treated mice are shown. \*P \< 0.05, \*\*P \< 0.01. (E) Representative photographs of the colon from S100A4^−/−^ and WT mice on day 120 of age. (F) Tumor incidence and incidence of tumors over 4 mm^2^ (G) in S100A4 Tk^+^ and S100A4 TK^−^ mice are shown. (H) Colon sections were stained with H&E, S100A4 and Ki67. Scale bar, 50 μm. (I) The number of S100A4^+^ cells in tumors per HPF and percentages of Ki67^+^ cells in tumors are shown.

Moreover, the number of Ki67^+^ proliferating cells in colon tumors was also significantly reduced in GCV-treated S100A4-TK^+^ mice ([Fig. 3H](#F0003) and [3I](#F0003)). These results suggest that the selective depletion of proliferating S100A4^+^ cells in colons significantly decreased colon tumorigenesis.

Genetic deletion of S100A4 prevents colitis-associated colorectal tumorigenesis {#S0002-S2004}
-------------------------------------------------------------------------------

To further explore the role of S100A4 in colitis-related colorectal carcinogenesis, S100A4-deficient mice (S100A4^−/−^) were used.^[38](#CIT0038)^ Both S100A4^--/--^ mice and WT control littermates were given a single intraperitoneal injection of AOM followed by DSS treatment, and then colon tumorigenesis was monitored for 120 days ([Fig. 4A](#F0004)). Compared with the WT control, we observed a significant decrease in the total colon tumor numbers in S100A4^−/−^ mice, 11.3 ± 3.39 vs. 2.3 ± 1.63 ([Fig. 4B](#F0004) and [4C](#F0004)). The maximal tumor diameters were notably smaller in S100A4^−/−^ mice compared with WT controls, 6.5 ± 1.87 vs. 0.83 ± 0.68 ([Fig. 4D](#F0004)). Pathologic analysis confirmed the different tumor size in S100A4^−/−^ mice compared to WT mice ([Fig. 4E](#F0004)). Moreover, WT mice had many S100A4^+^ cells. The number of proliferating cells in tumor tissues decreased significantly in S100A4^--/--^ mice compared with WT mice ([Fig. 4E](#F0004)). Therefore, these results suggest a critical role of S100A4 in promoting CRC development. 10.1080/2162402X.2018.1461301-F0004Figure 4.S100A4 deficiency decreases colorectal tumorigenesis. (A) Schematic overview of the experimental CAC model using S100A4^−/−^ and WT control littermates. (B) Representative photographs of the colon from S100A4^−/−^ and WT mice on day 120 of age. (C) The tumor number of the entire colon was counted, and each tumor size was measured. Total tumor incidence and (D) incidence of tumors over 4 mm^2^ in S100A4^−/−^ and WT mice are shown. (E) The colon sections of CAC were stained with H&E, S100A4 and Ki67. Representative images are shown. (F) The number of S100A4^+^ cells in tumors per HPF (×200) and (G) percentages of Ki67^+^ cells in tumors are shown. \**P* \< 0.05, \*\**P* \< 0.01.

To exclude the possibility that reduced tumor burden in S100A4^−/−^ mice is not due to altered gut bacteria, the gut microbiota of S100A4^−/−^ mice and WT control mice was assessed by detecting the counting of bacterial colonies from mice feces in LB-Medium, and there was no significant difference of the number of bacterial colonies between mice feces from WT and S100A4^−/−^ mice (Fig. S3). This suggests that the gut bacteria were not significantly altered in S100A4^−/−^ mice comparing with WT control littermates.

S100A4-deficient mice are resistant to DSS-induced colitis {#S0002-S2005}
----------------------------------------------------------

To define the role of S100A4 in colitis-induced inflammation, S100A4^−/−^ mice were fed with 3% DSS in drinking water for 5 days, and susceptibility was monitored by measuring body weight, assessing stool consistency and rectal bleeding, and measuring colon length during both the acute (day 5) and recovery (days 9--20) stages of the disease. The results showed that WT mice developed continued body weight loss ([Fig. 5A](#F0005)), diarrhea, and rectal bleeding ([Fig. 5B](#F0005)), whereas S100A4^--/--^ mice started to recover once DSS was omitted from the drinking water. This reduced inflammatory phenotype was further evidenced by the gross appearance of the colon on day 10 ([Fig. 5C](#F0005)). The colons of S100A4^−/−^ mice were much longer than those of WT mice ([Fig. 5C](#F0005), D). 10.1080/2162402X.2018.1461301-F0005Figure 5.S100A4-deficient mice are resistant to DSS-induced colitis, and macrophage response in colon tissue was decreased. Groups of S100A4^−/−^ and WT control littermates (n = 5 per group) were fed with 3% DSS for 5 days followed by normal drinking water until day 10. (A) The body weight change and (B) clinical score are shown. \**P* \< 0.05; \*\**P* \< 0.01. (C) Mice were sacrificed on day 10 to measure the colon length. Representative photographs and (D) length of the colon from S100A4^−/−^ and WT mice are shown. (E) Colon sections were stained with H&E. Scale bar, 100 μm. (F) Colon tissues were collected on day 10, and colon sections were immunostained with CD11b, F4/80 and Gr-1. Scale bar, 50 μM. Number of CD11b^+^, F4/80^+^ and Gr-1^+^ cells per HPF (×200) are shown at right. \**P* \< 0.05; \*\**P* \< 0.01. (G) Groups of WT and S100A4^−/−^ mice (n = 5 per group) were treated as (A), and the colons and MLN were collected on day 10. The percentages of CD11b^+^, F4/80^+^, CD11 c^+^, and Gr-1^+^ cells in colonic lamina propria cells and MLN cells were analyzed by FACS. \**P* \< 0.05; \*\**P* \< 0.01. (H) Protein levels of MCP-1, MIP2, TNF-α, IL-17 A, IL-6, INF-γ, IL-22 and GMSF in the colon tissues of WT and S100A4^−/−^ mice were detected using the Procarta Plex TM multiplex immunoassay. \**P* \< 0.05; \*\**P* \< 0.01.

To obtain further evidence of weakened inflammation in S100A4^--/--^ mice, the colon tissue was histologically analyzed on day 15 following AOM administration. The colons of S100A4^−/−^ mice contained markedly less infiltrating inflammatory cells and displayed significantly less ulceration and hyperplasia ([Fig. 5E](#F0005) and [F](#F0005)).

S100A4 deficiency leads to a decreased inflammatory response in colon tissue. We then test whether S100A4 deficiency protected mice from colitis-associated tumorigenesis by dampening immune cell activation and inflammatory responses upon DSS-treatment. We examined the histopathological changes that occur during early stages of tumor induction (on day 15 after AOM injection) and found that S100A4-deficient colons showed decreased infiltration of macrophages and polumorphonuclear granulocytes (PMNs) ([Fig. 5G](#F0005)).

To further characterize the immune cell types associated with the induction of inflammatory responses in the colons of S100A4^−/−^ mice, myeloid cells present in the colonic lamina propria were isolated at a later stage of colitis and were analyzed by flow cytometry. On day 15 after AOM injection, the cell percentages of all analyzed myeloid cell types (CD11b^+^, F4/80^+^, Gr-1^+^) in S100A4^−/−^ mouse colons were significantly lower than those in WT colons, except CD11 c^+^ cells ([Fig. 5G](#F0005)). In addition, a dramatic decrease in the percentage of F4/80^+^ macrophages was evident in the mesenteric lymph nodes (MLN) of S100A4^−/−^ mice ([Fig. 5G](#F0005)). However, there were no significant differences of percentages of CD4^+^ T cells and CD8^+^ T cells both in colons and MLNs between S100A4^--/--^ and WT mice (Fig. S4). Consistent with the decreased infiltration and activation of myeloid cells in the absence of S100A4^−/−^ mice, the production of proinflammatory cytokines such as monocyte chemotactic protein-1(MCP-1), macrophage inflammatory protein-2 (MIP-2), tumor necrosis factor (TNF)-α, IL (interleukelin)-17 A, IL-6, interferon (INF)-γ and granulocyte-macrophage colony-stimulating factor (GMSF) were all found to be decreased in the colons of S100A4^−/−^ mice relative to the levels found in WT mice ([Fig. 5H](#F0005)). Taken together, these results indicate that S100A4 plays a critical role in promoting the inflammatory response in myeloid cells, especially in macrophages during DSS-induced colitis.

Nuclear factor (NF)-κB signaling in macrophage is critical for promoting colon tumorigenesis {#S0002-S2006}
--------------------------------------------------------------------------------------------

The expression of tumorigenic and proinflammatory genes is modulated by signal transduction pathways such as NF-κB, extracellular receptor kinase (ERK), and signal transducer and activator of transcription 3 (STAT3) pathways. To understand whether these pathways and molecules were deregulated in the absence of S100A4, we examined the activation of inflammatory signaling pathways by Western blotting. Indeed, the NF-κB, ERK levels in AOM/DSS-induced colon tissues in S100A4^−/−^ mice were clearly down-regulated compared with those in WT mice ([Fig. 6A](#F0006)). Consistent with the results of Western blotting, the expression of p-p65 in colon tissues in S100A4^−/−^ mice was also down-regulated as revealed by immunofluorescence detection ([Fig. 6B](#F0006)). 10.1080/2162402X.2018.1461301-F0006Figure 6.NF-κB signaling in Macrophages is critical for the protection against colon tumorigenesis. Groups of S100A4^−/−^ and WT mice (n = 5 per group) were treated as [Fig 5](#F0005) (A). (A) The protein levels of p-p65, p-β-catenin and p-ERk in colon tissues on day 10 after DSS were analyzed by Western blotting. (B) Sections from DSS-treated colon tissues of S100A4^−/−^ and WT mice were double stained with F4/80 (green) and p-p65 (red). Scale bar, 50 μm. (C) Sections from DSS-treated colon tissues of S100A4^−/−^ and WT mice were stained with Ki67, and the percentages of Ki67 in colons are shown. Scale bar, 50 μm. (D-E) RAW cells were cultured without or with S100A4 (200 ng/ml) or RAGE inhibitor for 2 h as indicated. The levels of p65, p-p65, IKBα, p-IKBα, ERK, p-ERK and RAGE were determined by Western blotting.

Down-regulation of the NF-κB pathways is associated with a decreased proliferation of epithelial cells in the hyperplastic colon regions of AOM/DSS-treated S100A4^−/−^ mice ([Fig. 6C](#F0006)). By contrast, untreated colon tissues of both S100A4^−/−^ and WT mice displayed similar proliferation levels as measured by Ki67 staining (data not shown).

To identify the molecular mechanisms underlying the effects of extracellular S100A4 on the induction of inflammation, macrophage cell line Raw cells were cultured with different stimuli as indicated previously and were performed for the analysis of pathway-related genes. After treatment with S100A4 for various times ([Fig. 6D](#F0006)), we found that phosphorylated p65 and I-κBα were up-regulated compared with those in the control group. The phosphorylation level of ERK was unaffected. Thus, these results indicate that S100A4 promotes the activation of NF-κB signaling in macrophages.

The receptor of advanced glycation end products (RAGE) is an interaction partner for S100A4.^[40](#CIT0040),[41](#CIT0041)^ Next, we tested whether S100A4-induced NF-κB signaling in Raw cells was RAGE dependent. The expression of RAGE in Raw cells was validated by Western blotting ([Fig. 6D](#F0006)). We used a RAGE-specific inhibitor (FPS-ZM1) to prevent RAGE activation in cultured Raw cells and found that the level of phosphorylated NF-κB could not be up-regulated by S100A4 stimulation ([Fig. 6E](#F0006)), suggesting that S100A4-activated NF-κB signaling in Raw cells was a RAGE-dependent process.

Targeting S100A4 by S100A4-neutralizing antibody attenuates colitis and prevents CAC in a murine model {#S0002-S2007}
------------------------------------------------------------------------------------------------------

Because S100A4 plays an important role in colitis pathogenesis, we examined the therapeutic value of S100A4 neutralizing antibody in mouse models. By administering S100A4 neutralizing antibody or an isotypic control (mIgG) preventively to the DSS-treated mice (during the DSS induction process), we found that S100A4 neutralizing antibody significantly alleviated the disease severity ([Fig. 7A](#F0007)). Body weight loss was dramatically reduced in the neutralizing antibody-treated group compared with that in the mIgG treatment group ([Fig. 7B](#F0007) and [7C](#F0007)). Consistent with the observation in the colitis model of S100A4^−/−^ mice, we found a decrease in macrophage infiltration in neutralizing antibody-treated mice ([Fig. 7D](#F0007) and [7E](#F0007)). These data indicate that neutralizing antibody could be an efficient treatment for colitis. 10.1080/2162402X.2018.1461301-F0007Figure 7.Treatment with S100A4 neutralizing antibody attenuates colitis and prevents colitis-associated tumorigenesis. Groups of WT mice (n = 5 per group) were treated with DSS and anti-S100A4 mAb or mIgG 4 times on days 1, 3, 7 and 10. (A) The body weight change and (B) Representative photographs and (C) length of the colon from S100A4^−/−^ and WT mice on day 10 are shown. \**P* \< 0.05; \*\**P* \< 0.01. (D) Colon sections were immunostained with F4/80. Scale bar, 25 μm. (E) Numbers of F4/80^+^ cells per HPF (×400) are shown at right. \**P* \< 0.05. (F) Representative photographs of the colons from mice with mIgG or S100A4 neutralizing antibody treatment. (G) Total tumor incidence and (H) incidence of tumors over 4 mm^2^ in AOM-DSS induced CRC model mice with mIgG or S100A4 neutralizing antibody treatment. \**P* \< 0.05; \*\**P* \< 0.01.

Furthermore, because S100A4 neutralizing antibody treatment appeared to ameliorate the inflammatory response in colitis, we then tested whether it could protect mice with colitis from developing tumors by treating CRC mice with either mIgG or neutralizing antibody during the DSS induction process. Interestingly, the tumor incidence and tumor volume were drastically reduced in S100A4 neutralizing antibody-treated mice ([Fig. 7F-H](#F0007)). Collectively, these data indicate the therapeutic value of anti-S100A4 antibody in treating colitis and preventing CRC.

Discussion {#S0002-S2008}
----------

In this study, we have demonstrated that S100A4 promotes colitis-associated colon tumorigenesis by enhancing the inflammatory response. S100A4 is expressed in CRC both in patients and experimental mouse models. The selective depletion of S100A4-expressing cells and deficiency in S100A4 attenuated colitis and prevented colon tumorigenesis in mice using the AOM/DSS model. The colonic macrophage infiltrate and the production of cytokines in S100A4^−/−^ mice were significantly decreased after DSS treatment. Further studies revealed that reduced colon inflammation and colorectal tumor development in S100A4^−/−^ mice were partly due to the dampening NF-κB activation in macrophages.

A large number of reports have demonstrated that increased S100A4 is significantly correlated with tumor angiogenesis, cell survival, motility, invasion and metastasis.^[17](#CIT0017),[18](#CIT0018)^ High S100A4 levels in colorectal tumors are associated with aggressive growth, metastasis, poor prognosis, and shortened patient survival times.^[33](#CIT0033)^ However, its role in colon cancer progression remains to be adequately tested. Using an AOM/DSS-induced CRC model, we also detected a high level of S100A4 expression in the colon during the process of CRC ([Fig. 1D](#F0001)). Further study has demonstrated that S100A4^+^ cells play critical roles in tumorigenesis as the depletion of S100A4-positive cells attenuates colitis and decreases the incidence of colon tumorigenesis. In addition, we found similar results to those of mice deficient in S100A4, indicating the important role of S100A4 molecules in disease progression. This work demonstrates that S100A4 plays an important and direct role in promoting CRC development in vivo.

It is becoming increasingly clear that cytokines and growth factors released during chronic inflammation contribute to tumorigenesis.^[13](#CIT0013)^ In IBD, chronic inflammation causes the release of cytokines, growth factors, proteases, and reactive oxygen species (ROS).^[12](#CIT0012)^ Cytokines released during inflammation may promote cancer development via the activation of NF-κB, which is one of the few key regulatory signaling molecules whose aberrant activation is invariably associated with inflammation and cancer.^[42](#CIT0042)^ It has been reported that IKKβ-driven NF-κB activation in intestinal epithelial cells (IECs) is essential for the development of colonic adenomas in the AOM/DSS-induced CRC model.^[43](#CIT0043)^ In addition, IKKβ-driven NF-κB activation in certain myeloid cells, most likely macrophages of the lamina propria, contributes to CRC development by the enhancing proliferation of pre-malignant IECs via stimulating the secretion of growth factors.^[43](#CIT0043)^ In this study, we found that, during the process of AOM/DSS-induced CRC, many S100A4^+^ cells infiltrate into the inflammatory colon. The depletion of S100A4^+^ cells or S100A4 deficiency significantly dampens DSS-induced colitis. Inflammatory cell infiltration, especially that of macrophages, and the levels of cytokines such as IL-6, TNF-α, IL-17 A and MCP-1, were also decreased obviously in S100A4^−/−^ mice, a finding that is consistent with previous studies that S100A4 recruits macrophages.^[44](#CIT0044)^ Furthermore, the NF-κB levels in AOM/DSS-induced colon tissues in S100A4^−/−^ mice were clearly down-regulated compared with those in WT mice. In vitro, S100A4 could activate the NF-κB signal pathway in macrophages, contributing to the development of CRC by enhancing the proliferation of pre-malignant IECs. Thus, we elucidated a new mechanism that bridges chronic inflammation to CRC promotion. In addition, S100A4 neutralization significantly dampened DSS-induced colitis and decreased the incidence of colon tumorigenesis ([Fig. 7](#F0007)). S100A4 could be a target for CRC therapy. S100A4 blockade may be useful in reducing the risk of colitis-associated colon cancer.

S100A4 expression was initially characterized in the cells of mesenchymal origin, including stromal fibroblasts and epithelial cells undergoing epithelial-mesenchymal transition (EMT). Recently, it was found that S100A4^+^ cells in liver were a subtype of macrophages.^[23](#CIT0023)^ However, it seems that S100A4 is expressed in different types of cells in various tissues.^[45](#CIT0045),[46](#CIT0046)^ The cellular origin of S100A4 in the colon is not clear. We found many types of stromal cells expressed S100A4 in colon tissues after DSS induction. Of the S100A4^+^ cells, approximately 97.9% were CD45^+^, 54.3% were CD11b^+^, 44.2% were F4/80^+^, and 25.7% were CD11 c^+^. In addition, only a small number of B cells, T cells and granulocytes expressed S100A4 ([figure 1D](#F0001)). However, the role of different type of S100A4^+^ cells in colon and CRC still needs further study.

S100A4 controls a variety of intra- and extracellular processes. Intracellular S100A4 influences the function of distinct targets, such as different cytoskeletal-associated molecules and the tumor suppressor p53 protein, which promotes p53 degradation.^[47](#CIT0047)^ Intracellular S100A4 is involved in a wide range of biological functions, such as the regulation of angiogenesis, cell survival, motility, invasion or metastasis.^[26](#CIT0026),[27](#CIT0027)^ However, S100A4 could also serve as an extracellular cytokine, and its role in the soluble form has received increasing attention. The secretion of S100A4 by tumor and stromal cells is believed to serve as a key player in the metastasis of cancer cells or affecting angiogenesis.^[28](#CIT0028)-[30](#CIT0030)^ Although we did not know which form of S100A4 plays more important roles in colon tumorigenesis, our IHC staining of colon tumors suggests the weak intracellular staining, and our functional studies support a major source of myeloid cell-producing S100A4 during colon cancer development. It is certainly also important to analyze the role of intracellular S100A4 in myeloid cells during the development of colon tumorigenesis in the future.

In summary, this study provides in vivo evidence for a critical role of S100A4 in promoting colitis-related colon tumorigenesis and crosstalk between colitis, macrophages, S100A4, and CRC. It would be interesting to test further whether anti-S100A4 antagonists might be effective at targeting tumor-initiating cells as well as the tumor microenvironment, therefore providing a promising strategy for colon cancer prevention and treatment.

Materials and methods {#S0003}
=====================

Cell lines and mice {#S0003-S2001}
-------------------

The murine colon cancer cell line CT26 was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). These cells were cultured in RPMI 1640 medium containing 10% fetal calf serum at 37°C with 5% CO~2~.

S100A4^+/+.GFP^ and S100A4-deficient mice (S100A4^−/−^) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). S100A4-TK transgenic mice were obtained from Dr. Eric G. Neilson (Northwestern University, Feinberg School of Medicine). All mice and WT control littermates were bred under specific pathogen-free conditions in the animal facilities at the Institute of Biophysics, Chinese Academy of Sciences. Male mice 8--10 weeks of age were used. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Chinese Academy of Sciences. The experiments described were approved by the Institutional Animal Care and Use Committee of the Institute of Biophysics, Chinese Academy of Sciences.

Induction of DSS-induced colitis {#S0003-S2002}
--------------------------------

Acute colitis was induced with 3% (w/v) DSS (molecular mass, 36--40 kDa; MP Biologicals) dissolved in sterile, distilled water for 5 days followed by normal drinking water until the end of the experiment. The DSS solutions were made fresh on day 3.

In the antibody preventive treatment experiment, mice were injected i.p. with S100A4-neutralizing antibody or control murine IgG (mIgG) at a dose of 10 mg/kg body weight on day 1 and day 5.

Clinical scoring of colitis {#S0003-S2003}
---------------------------

Scoring for stool consistency and occult blood was performed as previously described.^[48](#CIT0048)^ Briefly, stool scores were determined as follows: 0 = well-formed pellets, 1 = semiformed stools that did not adhere to the anus, 2 = semiformed stools that adhered to the anus, and 3 = liquid stools that adhered to the anus. Bleeding scores were determined as follows: 0 = no blood by using hemoccult (Beckman Coulter), 1 = positive hemoccult, 2 = blood traces in stool visible, and 3 = gross rectal bleeding. Stool consistency scores and bleeding scores were added and presented as clinical scores.

Induction of colorectal cancer {#S0003-S2004}
------------------------------

Mice were injected intraperitoneally with 10 mg/kg AOM (Sigma). After 5 days, 2% DSS was given in drinking water over 5 days followed by regular drinking water for 2 weeks. This cycle was repeated 3 times, and mice were sacrificed 120 days after AOM injection. The S100A4 neutralizing antibody or control mIgG was injected i.p. at 10 mg/kg body weight twice during each DSS feeding period. Monoclonal anti-mouse S100A4 mAb was generated by immunizing BALB/c mice with S100A4 proteins. Using immune spleen cells and the mouse myeloma Sp2/0 cell line as fusion partner,^[49](#CIT0049)^ hybridomas were generated and selected using standard published techniques.

Depletion of S100A4-positive cells in S100A4-TK mice {#S0003-S2005}
----------------------------------------------------

Every week, S100A4-TK mice and control littermates were given 50 mg/kg ganciclovir (GCV) (HuBeiKeYi Pharmaceutic Corporation, China) dissolved in saline i.p. every other day, during the 2 weeks of the regular drinking water period in the process of colorectal cancer induction as shown in [Fig. 3A](#F0003).

Isolation and subsequent analysis of murine lamina propria lymphocytes {#S0003-S2006}
----------------------------------------------------------------------

According to the method of Weigmann et al., mouse colons were removed and cleaned. The colons were first predigested with 5 mmol/L EDTA and 1 mmol/L dithiothreitol. Next, the intraepithelial lymphocytes were discarded, and the colons were then digested with 0.05 g of collagenase D (Roche, Basel, Switzerland) and 0.05 g of DNase I (Sigma-Aldrich). The lamina propria lymphocytes were isolated using a 40/80 Percoll gradient.

Flow cytometry analysis {#S0003-S2007}
-----------------------

Single-cell suspensions prepared directly from the MLN, spleen and colon lamina propria were stained with the following directly labeled mouse-specific mAbs: Percp/Cy5.5-labeled anti-CD11b (clone M1/70), APC-labeled anti-Ly6 C (clone HK1.4), PE-labeled anti-F4/80 (clone BM8), Percp-labeled anti-CD4 (clone GK1.5), and APC-labeled anti-CD8 (clone 53--6.7). All antibodies were purchased from Biolegend and were used at a 0.2-μg/ml concentration. Cells were collected using a FACS Caliber system (BD Biosciences, San Diego, CA) and were analyzed using FlowJo software (TreeStar, Ashland, OR).

Histopathological and immunohistochemical analysis {#S0003-S2008}
--------------------------------------------------

The preparation of cryostat or paraffin tissue sections from mice was performed as described previously.^[50](#CIT0050)^ The colon was rolled as a Swiss roll and fixed in 4% PFA. Paraffin-embedded sections were cut at 5 mm and were stained with H&E solution. Histological scores were evaluated by two independent investigators, blinded to the source of treatment, as follows: epithelium scores 0, normal morphology; 1, loss of goblet cells; 2, loss of goblet cells in large areas; 3, loss of crypts; and 4, loss of crypts in large areas. Infiltration scores were evaluated as follows: 0, no infiltrate; 1, infiltrate around the crypt basis; 2, infiltrate reaching the L. muscularis mucosae; 3, extensive infiltration reaching the muscularis mucosae and thickening of the mucosa; and 4, infiltration of the L. submucosa. The total histological score represents the sum of the epithelium and infiltration scores and ranges from 0 to 8. For immunohistochemistry (IHC), paraffin sections were incubated with anti-S100A4 (Abcam, Cambridge, UK), and frozen colon sections were incubated with anti-CD8, anti-CD4, anti-F4/80, anti-Gr-1 antibodies (BD Pharmingen, San Diego, CA), followed by incubation with species-matched Alexa dye-labeled or horseradish peroxidase (HRP)-conjugated secondary antibodies. Frozen colon sections were incubated with anti-S100A4 (Abcam, Cambridge, UK), anti-CD11b (BD Pharmingen, San Diego, CA), anti-F4/80 (BD Pharmingen, San Diego, CA), anti-α-SMA (Abcam, Cambridge, UK) antibodies and Alexa Fluor 488 and 555-conjugated secondary antibodies (Invitrogen, Grand Island, NY). Sections were evaluated under the microscope (DP71, OLYMPUS) for bright-field and fluorescence microscopy.

Cytokine and serum biochemical analysis {#S0003-S2009}
---------------------------------------

To detect multiple cytokines in the colons, tissues were homogenized in ice-cold TE buffer. Homogenates were centrifuged at 12,000 × g for 15 minutes. The supernatant was collected, and the ProcartaPlex™ multiplex immunoassay (Luminex) (eBioscience) was used on a Bioplex-200 system with the Bioplex Manager 5.0 software. The cytokines were analyzed according to the manufacturer\'s protocol. S100A4 in cell culture supernatant and whole colon lysate were detected by sandwich ELISA as described previously.^[21](#CIT0021)^

Western blotting {#S0003-S2010}
----------------

Tissue and cell extracts were analyzed using the following primary antibodies: anti-α-SMA, anti-S100A4, anti-pro-Collagen I (Santa Cruz Biotechnology, Santa Cruz, CA), anti-c-myb (ImmunoWay, Newark, DE) and anti-β-actin (Cell Signaling, Danvers, MA). HRP-conjugated goat anti-mouse or goat anti-rabbit IgG were used as secondary antibodies.

Quantitative and statistical analysis {#S0003-S2011}
-------------------------------------

All the data were expressed as means ± SEM and were analyzed using GraphPad Prism software. Differences between the two groups were compared using a two-tailed unpaired Student\'s t-test or Mann-Whitney U test analysis. Other data were analyzed using one-way or 2-way ANOVA followed by Bonferroni\'s multiple comparisons test. For all tests, a P value \< 0.05 was considered statistically significant.
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Abbreviations {#S0004}
=============

AOMazoxymethaneCACcolitis-associated colorectal cancerCCL5chemokine (C-C motif) ligand 5CDCrohn\'s diseaseCRCcolorectal cancerDSSdextran sulfate sodiumEMTepithelial-mesenchymal transitionERKextracellular receptor kinaseGCVganciclovirGMSFgranulocyte-macrophage colony-stimulating factorHCChepatocellular carcinomaILinterleukelinINFinterferonMAPKmitogen-activated protein kinaseMCPmonocyte chemotactic proteinMIPmacrophage inflammatory proteinMLNmesenteric lymph nodesNFnuclear factorPMNspolumorphonuclear granulocytesRAGEreceptor of advanced glycation end productsS100A4^−/−^S100A4-deficientSTAT3signal transducer and activator of transcription 3TKthymidine kinaseTNFtumor necrosis factorUCulcerative colitisVEGFvascular endothelial growth factorWTwild-type
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